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Cellular senescence is considered a major tumour-suppressor
mechanism in mammals, and many oncogenic insults, such as
the activation of the ras proto-oncogene, trigger initiation of the
senescence programme. Although it was shown that activation
of the senescence programme involves the up-regulation of
cell-cycle regulators such as the inhibitors of cyclin-dependent
kinases p16INK4A and p21CIP-1, the mechanisms underlying
the senescence response remain to be resolved. In the case of
stress-induced premature senescence, reactive oxygen species are
considered important intermediates contributing to the phenotype.
Moreover, distinct alterations of the cellular carbohydrate
metabolism are known to contribute to oncogenic transformation,
as is best documented for the phenomenon of aerobic glycolysis.
These findings suggest that metabolic alterations are involved in
tumourigenesis and tumour suppression; however, little is known
about the metabolic pathways that contribute to these processes.

Using the human fibroblast model of in vifro senescence, we
analysed age-dependent changes in the cellular carbohydrate
metabolism. Here we show that senescent fibroblasts enter into
a metabolic imbalance, associated with a strong reduction in
the levels of ribonucleotide triphosphates, including ATP, which
are required for nucleotide biosynthesis and hence proliferation.
ATP depletion in senescent fibroblasts is due to dysregulation
of glycolytic enzymes, and finally leads to a drastic increase in
cellular AMP, which is shown here to induce premature
senescence. These results suggest that metabolic regulation plays
an important role during cellular senescence and hence tumour
suppression.

Key words: AMP, fibroblast, glycolysis, metabolism, senescence,
tumour suppression.

INTRODUCTION

Cellular senescence of HDF (human diploid fibroblasts) is
a current model [1], which has revealed many fundamental
processes underlying cellular aging [2], and premature senescence
in response to either oncogene expression or environmental stress
is now considered a major tumour-suppressor mechanism [3].
To immortalize mammalian cells, a series of molecular events is
required that co-operates to break the senescent phenotype (for
review, see [4]). While these observations are the basis of our
current knowledge of cellular senescence, a systematic analysis
of senescence-associated changes in the cellular phenotype may
reveal additional factors relevant for tumour suppression and
immortalization.

Substantial evidence suggests that the metabolic rate influences
processes of cellular aging and senescence [4], and it is also clear
that metabolic parameters are critically involved in the ability of
tumour cells to survive and proliferate in vivo (for review, see
[5]). The fact that the lifespan of many species can be extended
through caloric restriction (for review, see [6]) suggests a critical
role for alterations of carbohydrate metabolism in the control
of regulatory processes that influence proliferation and survival.
This effect is also visible at the single-cell level, as shown by
the observation that caloric restriction, mediated by a reduction
of the available glucose in culture medium, extends lifespan in
yeast, thereby delaying age-associated growth arrest and apoptosis

[7]. These studies have established a new concept, according to
which changes in the carbohydrate metabolism, and in particular
regulation of glycolytic energy production, contribute to the
control of cell proliferation and survival. Since lifespan extension
through caloric restriction is conserved throughout evolution, it
will be of interest to determine changes in the metabolism of
human cells which contribute to cellular senescence, as was
observed in yeast cells. Using the well-established in vitro
senescence model of HDF, we have determined changes in the
glycolytic pathways of HDF, as a first step to analyse senescence-
associated changes in cellular carbohydrate metabolism. These
experiments revealed a drastic de-regulation of the carbohydrate
metabolism in senescent cells, characterized by an imbalance
of glycolytic enzyme activities and the failure to maintain ATP
(and other NTP) levels. This leads to an up-regulation of AK
(adenylate kinase) activity and the levels of AMP, which is shown
here to act as a growth-suppressive signal that induces premature
senescence.

EXPERIMENTAL
Cell culture

Normal diploid fibroblasts were isolated from human foreskin
[8] and cultured in Dulbecco’s modified Eagle’s medium
(Gibco Life Technologies, Vienna, Austria), supplemented with
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penicillin/streptomycin solution (Gibco Life Technologies) and
10% fetal calf serum (PAA, Linz, Austria). The cells were
subcultured in an atmosphere of 5 % CO, (pH 7.7) at 37 °C by
passaging them at a ratio of 1:5 in regular intervals. At later pass-
ages, the splitting ratio was reduced to 1:3 and then 1:2. Cells
were passaged such that the monolayers never exceeded 70-80 %
confluency. The number of population doublings were estimated
using the following equation: n = (log,oF —1og,,/)/0.301, where n
is the number of population doublings, F' is the number of cells at
the end of one passage and / is number of cells that were seeded
at the beginning of one passage. After roughly 55 population
doublings, the cells reached growth arrest. The senescence
status was verified by in situ staining for SA-S-gal (senescence-
associated B-galactosidase) as described in [9]; 90-100 % of the
cells at 55 population doublings stained positive for SA-S-gal.

Inhibition of cell proliferation by external nucleotides

Cells were seeded in cell culture medium as described above.
After 5 h, the medium was replaced by medium containing
3 mM 5'-IMP, 5'-GMP, 5'-AMP and AICAR (5-aminoimidazole-
4-carboxamide 1-B-D-ribofuranoside; all from Sigma). DNA
synthesis was assessed using a BrdU (5-bromo-2'-deoxyuridine)
Labelling and Detection Kit (Roche, Vienna, Austria) as described
in [10]. To this end, 72 h post-treatment, cells were incubated with
BrdU for 24 h. Subsequently BrdU-positive nuclei were counted
(minimum 300 cells/assay).

Gel-permeation analysis of glycolytic enzymes

Cells were extracted in a lysis buffer containing 100 mM
Na,HPO,/NaH,PO,, 1 mM dithiothreitol, 1 mM NaF, 1 mM 2-
mercaptoethanol, 1 mM g-aminocaproic acid, 0.2 mM PMSF and
10 % glycerol, pH 7.4. The extracts were passed over a gel-
permeation column (Amersham Biosciences) and the activities
of the different enzymes were determined in the fractions as
described in [11].

Detection of PK (pyruvate kinase) isoforms by cellulose
acetate electrophoresis

Cells were extracted in a lysis buffer (0.1 M potassium
phosphate, pH 7.3, 50 mM NaCl, 1 mM dithiothreitol, 1 mM e-
aminocapronic acid, 1 mM 2-mercaptoethanol and 0.2 mM
PMSF) and separated by cellulose acetate electrophoresis on a
solid support, as first described in [12] and modified in [13]. To
visualize PK isoforms, the cellulose acetate sheet was placed
on top of an agarose gel, and PK activity detected by an in-gel
coupled LDH (lactate dehydrogenase)/PK assay, using NADH
as the substrate. The reaction product NAD was detected
densitometrically at 366 nm.

Isoelectric focusing

Cells were extracted with homogenization buffer containing
10 mM Tris, 1 mM NaF and 1 mM 2-mercaptoethanol, pH 7.4.
Isoelectric focusing was carried out with a linear gradient of
glycerine (50-0 %, v/v) and ampholines (pI 3.5-10.5) as de-
scribed previously [11,14].

Flux measurements

Metabolic flux rates depend strongly on cell density. To measure
the flux rates at different cell densities, cells were grown to

© 2003 Biochemical Society

different cell densities (low, middle and high) before cell-culture
supernatants were collected and the metabolites measured as
described in [14]. The metabolic concentrations were determined
at the beginning of the experiment and at regular time points after
the change of medium. These raw data were used to calculate the
consumption and production rates for individual metabolites.

Nucleotide and metabolite measurements

The cells were extracted with 0.6 M HCIO,. FBP (fructose 1,6-
bisphosphate) and PEP (phosphoenolpyruvate) were determined
enzymically as described in [14]. Nucleotides were measured via
reversed-phase ion-pair liquid chromatography as described in
[15]. In the experiment shown in Figure 4 (see below), AMP
levels were determined enzymically [16].

Preparation of cellular extracts and Western blotting

To prepare whole-cell extracts, cells were trypsinized from culture
flasks, washed with PBS and lysed for 30 min on ice in a buffer
containing 50 mM Tris/HCI, pH 8, 300 mM NacCl, 1 % Nonidet
P-40, 0.5 % desoxycholate, 0.1 % SDS, 1 mM NaF and one
Complete Mini EDTA-free Protease Inhibitor Cocktail Tablet
(Roche). The lysates were centrifuged at 20000 g for 10 min at
4 °C, and the supernatants separated on 10 % SDS/polyacryla-
mide gels. The amounts of extract loaded corresponded to equal
cell quantities. After electrophoresis, the proteins were transferred
to PVDF membranes by wet electroblotting and processed as
described in [10]. Immunoreactive proteins were detected using
an enhanced chemiluminescence system (Amersham Life Sci-
ence, Braunschweig, Germany). The following antibodies
were used for Western blot analysis: polyclonal goat anti-
LDH (Rockland Immunochemicals, Gilbertsville, PA, U.S.A.),
monoclonal mouse anti-M2-PK (ScheBo Biotech AG, Giessen,
Germany; M2-PK is the M2 subtype of PK) and polyclonal
goat anti-hexokinase II (Santa Cruz Biotechnology, Santa Cruz,
CA, U.S.A)); the following secondary antibodies were used:
horseradish peroxidase-conjugated anti-mouse IgG (Promega,
Vienna, Austria) and horseradish peroxidase-conjugated anti-goat
IgG (Dako, Glostrup, Denmark).

Statistical analysis

For the glycolytic, glutaminolytic and serinolytic flux mea-
surements statistical analyses were performed using the statistical
program package BMDP. For the comparison of the different
cell groups two-way analysis of covariance with cell density was
performed. In all other cases Student’s ¢ test was employed.

RESULTS
Aerobic glycolysis is strongly decreased in senescent fibroblasts

To study changes in cellular energy metabolism associated with
cellular senescence, we determined the consumption of the key
nutrients and production of various metabolites in young and
senescent HDF (Table 1). We found a significant increase in
the consumption of glucose, pyruvate and serine as well as an
increased production of lactate, alanine and glutamate in senescent
cells, while no significant change was observed for glutamine
consumption. These findings would suggest that glycolysis and
serine consumption are considerably up-regulated in senescent
cells, whereas glutaminolysis is not affected during cellular sene-
scence. Since young cells are actively proliferating and senescent
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Table 1

The production and consumption of nutrients and metabolic end products was determined for
young (15 population doublings) and senescent (52 population doublings) HDF through a
dynamic analysis of the respective concentrations in cellular supernatants, as described in [21].
Means 4 S.D. are shown; Myoung =95, Nsenescent = 10; N.S., not significant.

Metabolic fluxes in young and senescent HDF

Flux (nmol/h x 105 cells)

Young HDF Senescent HDF Significance

Glucose consumption 41+3 104 +43 P <0.05
Lactate production 94+ 22 240+ 81 P <0.01
Pyruvate consumption 15+2 3144 P <0.001
Alanine production 16+14 56+16 P < 0.001
Serine consumption 100+76 18452 P <0.05
Glutamine consumption 12+58 25+181 n.s.
Glutamate production 39+19 89441 P <0.05

+ senescent HDF; m = 0.08
= young HDF; m = 1.76

Lactate production
[nmoles/{h*dish)]

100 200 300 400 500 600 700 @00
Glucose consumption
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Figure 1 Conversion of glucose and pyruvate to lactate in young and
senescent HDF

For young and senescent HDF, the consumption of glucose and production of lactate was
determined, as described in [28]. Cells were seeded at different densities. Negative values for
glucose consumption indicate the occurrence of gluconeogenesis in fibroblasts, in accordance
with the findings in [55]. Negative values for lactate production suggest that under certain
conditions cells consume rather than produce lactate.

cells are growth-arrested, these findings are surprising, because
proliferating cells generally exhibit a highly active glycolytic
metabolism as compared with arrested cells [17].

To elucidate further whether the high amounts of glucose used
in old cells are in fact channelled into glycolysis or used for other
pathways, the actual metabolic flux rates were reconstructed from
a dynamic analysis of the consumption and production of the key
nutrients and metabolites, respectively. The slopes of the reg-
ression lines were used to determine the relative amount of
lactate that is produced from glucose in each case. As shown
in Figure 1, the production of lactate depends strongly on the
consumption of glucose in young cells (slope, 1.8), whereas in
senescent cells lactate production is only marginally dependent
on glucose consumption (slope, 0.08). As deduced from the data
in Figure 1, about 90 % of the consumed glucose is converted into
lactate in young cells, a process that yields a net gain of 2 mol
of ATP/mol of glucose. Thus aerobic glycolysis, characterized by
a high rate of lactate production from glucose in the presence of
oxygen [18], prevails in young HDF. The remaining 10 % of input
glucose may be used for ATP production in the mitochondria or
for biosynthetic processes, such as nucleic acid synthesis or the
production of NADPH. In marked contrast to young fibroblasts,
only a minor proportion of the glucose is converted into lactate
in senescent cells (Figure 1), suggesting that most of the input
glucose is used for other purposes in senescent HDF.

Table 2 Activities of glycolytic enzymes in young and senescent fibroblasts

Extracts were prepared from young and senescent cells as indicated. In the extracts, the activities
of various glycolytic enzymes were determined as described in [21]. Means + S.D. (n=3)
are shown. The ratio of enzyme activities between senescent and young cells is also given.
n.s., not significant; GBPDH, glucose-6-phosphate dehydrogenase; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase; PGK, phosphoglycerate kinase; PGM, phosphoglycerate mutase.

Enzyme

(m-units/107 cells) ~ Young HDF Senescent HDF  Senescent/young  Significance
Hexokinase 50+ 11 315+ 143 6.3 P <0.05
G6PDH 248+ 83 10114249 41 P <0.01
GAPDH 405+ 101 3494132 0.86 ns.

PGK 398+18 1379+ 298 35 P <0.01
PGM 1042+ 41 3817+ 755 3.7 P <0.01
Enolase 1203 + 126 1630 + 350 14 n.s.

LDH 11160+1278  44344+8318 4.0 P <0.01
Adenylate kinase 358+ 44 2027 + 532 5.7 P <0.01

The data indicate that, while young fibroblasts display sub-
stantial aerobic glycolysis, the flux of metabolites from glucose
into lactate is interrupted in senescent fibroblasts at a point
which remains to be defined. The reduced glycolytic conversion
of glucose into lactate, as observed in senescent human fibro-
blasts, is reminiscent of similar changes observed in aging yeast
cells, which were shown to switch metabolism from glycolysis
to increased energy storage and gluconeogenesis [19]. In muscle,
a substantial amount of pyruvate generated by glycolysis is
released into the blood as alanine, along with lactate. Our finding,
that alanine production is significantly increased by senescent
fibroblasts (Table 1), suggests that age-dependent changes in the
metabolism include a channelling of glucose into alanine
production.

Enzyme activities and glycolytic metabolites

To determine the molecular basis for the observed changes of
glycolysis during cellular senescence, we analysed the activity
of the glycolytic enzymes in extracts obtained from young and
senescent human fibroblasts. When selected glycolytic enzymes
were measured in young and senescent HDF, we observed a
significant increase in the specific activity of hexokinase, phos-
phoglycerate kinase, phosphoglycerate mutase (Table 2; see also
Scheme 1) and PK.

While it was shown that overexpression of oncogenic Ras in
normal cells induces premature senescence [20], we found pre-
viously that Ras-induced growth arrest leads to an up-regulation
in the activity of several glycolytic enzymes, most notably a
conversion of M2-PK from its dimeric form into tetramers, with
much higher substrate affinity [21]. Several isoforms of PK are
known in human tissue, and human skin fibroblasts express two
isoforms derived from the M-type gene, referred to as the M1 and
M2 isoenzymes, respectively (reviewed in [22]). Previous work
has established a critical role of M2-PK during cell proliferation.
Specifically, M2-PK is the embryonic form, expressed in all
growing cells and, in particular, in tumour cells [23,24]. M2-PK
can be allosterically regulated and occurs in two conformations: a
tetrameric enzyme with high affinity for its substrate PEP, and
a dimeric enzyme with strongly reduced substrate affinity. In
tumour and normal growing cells, the dimeric form of M2-PK
is predominant [23].

To investigate changes in PK isoforms during replicative
senescence, cells were lysed and PK isoforms characterized.
As shown by cellulose acetate electrophoresis, both young and
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Scheme 1  Alterations of glycolytic pathways in senescent fibroblasts
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Metabolization of glucose through various metabolic intermediates is shown. Depending on the cellular enzyme apparatus, glucose can be used for energy production by glycolysis, energy production
by mitochondrial respiration or for the production of cellular constituents, such as nucleotides by the pentose phosphate cycle (in growing cells). Glycolytic enzymes catalysing each conversion are
indicated. Changes in the activity of selected glycolytic enzymes and in the intracellular concentration of selected metabolites, which were observed in senescent cells, are indicated by arrows and
numbers. HK, hexokinase; PGI, phosphoglucose isomerase; PFK, phosphofructokinase; G6PDH, glucose-6-phosphate dehydrogenase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; PGK,

phosphoglycerate kinase; PGM, phosphoglycerate mutase.

senescent cells express predominantly (>80% of total PK
protein) the M2 isoform of PK with a small contribution from the
M1 isoform. When the status of M2-PK was analysed by gel filtra-
tion, we found that in asynchronously growing young cells M2-PK
is distributed evenly between the dimeric form and the tetrameric
form. In marked contrast, M2-PK isolated from senescent cells is
predominantly in the tetrameric form (Figure 2a), and this is ac-
companied by a strong increase in its catalytic activity. To
determine whether increased catalytic activities are associated
with increased protein expression, the abundance of glycolytic en-
zymes was analysed by immunoblotting. In these experiments we
found a considerable up-regulation in the abundance of M2-PK,
hexokinase and LDH (Figure 2b). The up-regulation of glyco-
lytic enzymes, and in particular M2-PK, can be expected to con-
siderably increase the flux from glucose to lactate in senescent
cells, given the well-established regulatory function of M2-PK
[23]. In contrast to this assumption, we even observed a drastic
reduction of the glycolytic flux in senescent fibroblasts (Figure 1),
suggesting that additional changes in the glycolytic pathway may
have occurred.

Strikingly, the activity of GAPDH (glyceraldehyde-3-phos-
phate dehydrogenase) was not increased (Table 2). Similarly,
we observed no up-regulation of enolase activity in senescent
cells (Table 2). These findings raise the possibility that the failure
of senescent cells to maintain aerobic glycolysis (Figure 1) may
be due to their inability to co-ordinately regulate the activity
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of the glycolytic enzymes (Scheme 1). However, the molecular
mechanisms underlying deregulation of glycolytic enzyme activi-
ties in senescent HDF remain obscure. In order to address the
nature of the changes in glycolytic pathways, we decided to deter-
mine the steady-state levels of some key metabolites in the
cellular aging model used here. To analyse if altered enzyme
activities, as determined in cellular extracts, are reflected by cor-
responding changes within the cells, the intracellular concentra-
tions of FBP and PEP were determined. We found a 2-fold
increase in the steady-state level of fructose 1,6-bisphosphate in
senescent cells (Table 3), which may result from both the increased
activity of hexokinase (and possibly phosphofructokinase) and
the decreased activity of GAPDH. The level of PEP was not up-
regulated in senescent cells, probably reflecting the decreased
activity of GAPDH and the increased activity of M2-PK. These
results confirm that the reduced activity of GAPDH (and probably
enolase) leads to a selective increase in the C4-phosphometabolite
pools, as shown here for FBP.

During glycolysis, 2 mol of ATP are used by hexokinase and 6-
phosphofructo-1-kinase to produce FBP from glucose, and 4 mol
of ATP (or GTP) are generated in subsequent steps by phos-
phoglycerate kinase and PK (Scheme 1). The energy-consuming
and energy-producing steps of glycolysis are connected by
GAPDH, which catalyses the oxidation of glyceraldehyde
3-phosphate to 1,3-bisphosphoglycerate. We found that in
senescent cells a general up-regulation of glycolytic enzymes is
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Figure 2 Up-regulation of glycolytic enzymes in senescent fibroblasts

(@) Accumulation of tetrameric M2-PK in senescent HDF. Extracts were prepared from young
and senescent HDF and separated by gel filtration, as described in [21]. M2-PK activity was
determined in individual fractions at various PEP concentrations. Here we show the activity of
M2-PK at 2 mM PEP. The positions of the M2-PK tetramer and M2-PK dimer are indicated.
(b) Immunoblot analysis. Extracts were prepared from young and senescent HDF, as indicated.
Extracts were analysed for the abundance of M2-PK, LDH and hexokinase by Western blotting.
PFF, primary foreskin fibroblasts. In both panels the same number of cells was used to prepare
each extract.

accompanied by the failure to up-regulate GAPDH and enolase
activity. This observation raises the possibility that this con-
stellation may result in difficulties in maintaining the ATP/GTP
levels. To test this prediction, we analysed the intracellular levels
of GTP and ATP in young and senescent fibroblasts, revealing
a strong down-regulation of both the ATP and GTP levels in
senescent cells (Table 3). Taken together, the data suggest that a
significant amount of the available ATP is used for the upper
branch of glycolysis (by hexokinase and 6-phosphofructo-1-
kinase) to generate high levels of FBP. The use of FBP for sub-
sequent energy production is hampered by the decreased activity
of GAPDH, and the energy derived from ATP is probably trapped
in the form of phosphometabolites, such as FBP, as was described
in other systems [25,26]. However, the ATP levels decreased
by nearly 100 nmol/mg of protein and the increase in FBP is
only 0.8 nmol/mg, suggesting that other effects contribute to ATP
depletion. Indeed, others have reported an increase in adenosine
and inosine release in aging human fibroblasts [27].

Table 3 Levels of intracellular metabolites in young and senescent HDF

The levels of the various metabolites were determined enzymically in extracts from young and
senescent HDF, as described in [21]. Nucleotides were measured via reversed-phase ion-pair
liquid chromatography; means + S.D. (n = 5) are shown. For each metabolite, the ratio observed
between senescent and young cells is also given. n.s., not significant.

Metabolite

(nmol/mg of protein)  Young HDF Senescent HDF  Senescent/young  Significance
FBP 0.80+0.59 156+017 20 P <0.05
PEP 1.56+0.78 123+017 08 ns.

ATP 152470 50+ 21 0.33 P <0.05
GTP 26+106 91437 0.35 P <0.01
NAD 79405 914+10 1.15 P <0.05
NADH 0.037+0.006 0.079+0.056 21 ns.

uTp 84423 340+0.1 0.4 P <0.01
CTP 2+1 16.2+28 0.51 P <0.05
IMP 0.15+0.21 024+026 16 ns.
AMP 03407 29+1.0 9.7 P <0.05
ADP 21403 14+2 - ns.
ATP/ADP 82+50 36+16 - ns.

Characterization of hydrogen shuttles

During glycolysis, energy is also stored in the form of NADH/H™,
which could be recycled to NAD™ by cellular hydrogen shuttles,
known as the malate—aspartate shuttle and glycerol 3-phosphate
shuttle, respectively. Thereby, hydrogen derived from cytosolic
NADH/H" is transported into the mitochondria, resulting in the
production of ATP or GTP in subsequent enzymic reactions. Given
the depletion of ATP/GTP stores in senescent fibroblasts, we
determined whether the ability of these cells to channel cytosolic
NADH/H" into mitochondria is altered with respect to young
cells. The activity of enzymes involved in the glycerol 3-phosphate
shuttle was quite low in both young and senescent cells (results not
shown), indicating that this pathway has no major role in young
and senescent human fibroblasts. However, we found evidence
for age-related changes in the malate—aspartate shuttle. In young
cells, MDH (malate dehydrogenase) appears to be associated
with p36 (Figure 3a), a regulator of MDH activity, which allows
cytosolic MDH to function as a shuttle enzyme [11]. In contrast,
MDH is apparently dissociated from p36 in senescent cells, which
would disable the enzyme to channel the flux of hydrogen from
the cytosol into the mitochondria. The other MDH peaks in Fig-
ure 3(a) correspond to the cytosolic and mitochondrial iso-
enzymes, respectively [14]. These results suggest that the ability to
transport cytosolic hydrogen into the mitochondria via the malate—
aspartate shuttle may be compromised in senescent cells.

In the absence of functional hydrogen shuttle systems, the
reduction of pyruvate to lactate can be used for the regeneration
of NAD* from NADH/H™, a reaction carried out by LDH. Lactate
is secreted and the cells are capable of continuing glycolytic ATP
production without the requirement for mitochondrial function,
although under these conditions the energy contained within
NADH/H" is not used for ATP production. In line with our as-
sumption that down-regulation of the malate—aspartate shuttle
prevents regeneration of NAD™ from cytosolic NADH/H™* in the
mitochondria, we found an increased activity of LDH in senescent
cells (Table 2), accompanied by an increased consumption of
pyruvate and increased production of lactate (Table 1). This is also
confirmed by the close association between pyruvate consumption
and lactate production (results not shown). However, the level
of NADH was not increased in senescent cells (Table 3),
suggesting that the failure of the cells to get rid of cytosolic
hydrogen is compensated by increased LDH activity, given the
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Figure 3 Isoelectric focusing analysis of senescent HDF

Extracts were prepared from senescent and young HDF and separated by isoelectric focusing, as
described in [11]. (a) The activity of MDH was determined in individual fractions; the position of
p36-bound MDH is depicted by an arrow. (b) AK activity was determined in individual fractions.
The activity in senescent HDF is identified as AK-2 and AK-3 activities by isoelectric point. The
same number of cells was used to prepare each extract.

apparent reduction in the activity of the malate—aspartate shuttle.
Since GAPDH activity is not up-regulated in senescent cells, it
is to be expected that endogenous pyruvate may become limiting
in these cells, in agreement with our finding that pyruvate con-
sumption is markedly increased in senescent cells (Table 1).

Block of cell proliferation by exogenous AMP

The status of the glycolytic apparatus within the senescent cells, as
described above, can be expected to produce high levels of ribose
via the pentose phosphate pathway for nucleotide biosynthesis
[17] (Scheme 1). Thus the concentration of FBP is elevated,
and both hexokinase and glucose-6-phosphate dehydrogenase
are highly active in senescent cells (Table 2). However, the
levels of ATP and GTP dropped dramatically. Therefore we ad-
ditionally determined the UTP and CTP levels. We found a
significant down-regulation of both metabolites in senescent cells
(Table 3), suggesting that the pentose phosphate pathway may
be inhibited in senescent cells, possibly at a point downstream
of ribose 5-phosphate synthesis. It is known that the activity of
PRPP synthetase (5-phosphoribosyl-1-pyrophosphate synthetase)
is under allosteric control by various metabolites, including AMP
[28]. To determine if the lack of UTP/CTP may be due to inhibition
of PRPP synthetase, the concentration of AMP was determined
in extracts from young and senescent cells. Indeed, we found a
roughly 10-fold increase in AMP in senescent cells (Table 3),
which may explain the decreased levels of UTP and CTP.

AMP is produced from ADP in a reaction catalysed by AK,
comprising five distinct isoforms in humans ([29]; for review
see [30]). The strong up-regulation of AMP levels in senescent
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cells prompted us to determine the activity of AK in young
and senescent fibroblasts. Overall activity of AK was strongly
increased in senescent cells (results not shown). Cellular extracts
were subjected to isoelectric focusing and the activity of AK
isoforms was determined. As shown in Figure 3(b), there is a signi-
ficant increase in the activities of both AK2 and AK3 in extracts
from senescent cells, whereas enzyme activity is barely detectable
in extracts from young cells. Although the equilibrium constant
of the AK reaction is near one, the low ATP level facilitates the
reaction in the direction to ATP and AMP. Activation of AK in
senescent cells may reflect a cellular response to ATP depletion,
as was described in other systems [31]. It is worth noting that
the age-dependent increase in AK3 activity was also observed
in aging rats [32]. However, activation of AKs is apparently not
sufficient to overcome the loss of ATP in senescent fibroblasts.

It has been shown before that intracellular AMP levels of many
cell types can be manipulated by addition of exogenous AMP to
the culture medium. Apparently, AMP is first dephosphorylated,
transported through the cell membrane and rephosphorylated to
AMP inside the cell, the net effect being an up-regulation of
intracellular AMP levels [14,28,33-36]. We made use of this path-
way to determine whether an increase in the intracellular AMP
concentration would influence the proliferation rate of normal
human fibroblasts. To this end, young diploid fibroblasts were
incubated with AMP, and AMP levels determined in extracts
from untreated and AMP-treated cells; 24 h after AMP addition,
intracellular AMP levels were increased by 60 %. Subsequently,
the effect of AMP on the proliferation rate was determined.
As shown in Figure 4(a), addition of AMP led to a significant
and reproducible inhibition of cell proliferation. To determine
whether the AMP-dependent growth arrest may be related to the
senescence phenotype, we first analysed the morphology of
the AMP-treated cells. Microscopic inspection revealed a rapid
change in morphology, and within 3 days of treatment AMP-
treated cells acquired the typical morphology of senescent cells.
To investigate this further, we also tested the expression of SA-
B-gal, a molecular marker for replicative senescence [9]. As is
shown in Figure 4(b), AMP treatment resulted in the appearance
of SA-B-gal-positive cells and the time-course analysis revealed
the appearance of 60 % SA-pg-gal-positive cells in AMP-treated
cultures, when control cultures were still completely negative
(Figure 4c). This result suggests that elevation of the intracellular
AMP level, as was shown to occur during replicative senescence,
is sufficient to induce both growth arrest and properties of the
senescent phenotype.

It is known that AMPK (AMP-activated protein kinase),
the human homologue of yeast Snf 1p [19], is activated in
AMP-treated cells, and this may contribute to the growth-arrest
phenotype observed here. To test this prediction, cells were also
treated with AICAR, an adenosine analogue and cell-permeable
activator of AMPK [37]. Similar to the results obtained with
AMP addition, addition of AICAR to young fibroblasts induced
complete cell-cycle arrest (Table 4), suggesting that activation
of AMPK may be involved. However, cell cycle arrest was also
obtained when GMP was added to the cells, whereas addition of
IMP had no effect (Table 4). We conclude from these findings that
AMP-induced cell cycle arrest of human fibroblasts is probably
linked to both activation of AMPK (also exerted by AICAR) and
inhibition of PRPP (also exerted by GMP but not IMP [33]).

DISCUSSION

Cellular senescence is a major mechanism of tumour suppression,
and senescence-associated growth arrest is believed to contribute
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Figure 4 Induction of premature senescence in HDF by AMP

Young HDF were incubated with 3 mM AMP, which was added to the culture medium. (a) Cells were counted at every passage and growth curves established for AMP-treated and control cells.
(b) AMP-treated and control cells were stained for SA-B-gal activity [9] and pictures were taken at identical magnifications. (¢) Percentage of SA-B-gal-positive cells during the course of the

experiment. PDL, population doubling.

Table 4

Young primary foreskin fibroblasts (25 population doublings) were incubated with
nucleotides/nucleotide analogues as indicated. The percentage of proliferating cells (cells
in' S phase) was determined by BrdU-incorporation studies. 72 h post-treatment, cells were
incubated with BrdU for 24 h, and BrdU-positive nuclei were counted. 300 cells were counted
in each case; the results from two independent experiments are shown.

Inhibition of cell proliferation by nucleotides

Proliferating cells (% in S phase)

Experimentno.  Nucleotide added (3 mM)...  None  AMP ~ GMP  IMP  AICAR
1 67 2.9 0.1 2 0.3
2 83 2.8 1.7 82 2.3

to this phenotype. While it was reported that up-regulation of
several cdk inhibitors mediates growth arrest in senescent fibro-
blasts [38—40], the signals leading to cdk inhibitor up-regulation
were not identified. In previous work, it was shown that immortali-
zation of primary rodent cells by an activated ras oncogene in
combination with the E7 oncogene of HPV-16 [41] involves a
reprogramming of the cellular carbohydrate metabolism [21],
whereby Ras-induced up-regulation of glycolysis leads to
proliferation arrest in the G, phase of the cell cycle [42], similar
to the expression of oncogenic ras in primary human cells which
induces premature senescence [20]. Ras-induced senescence is

overcome by E7 which leads to a reprogramming of both cell-
cycle control [42] and carbohydrate metabolism [21], allowing
the cells to exit from G, arrest. These findings suggest that
spontaneous senescence may also involve metabolic changes
that influence the cellular capacity for DNA synthesis and hence
S phase entry. In the present study, we show that this is indeed
the case and identify a metabolic imbalance in senescent HDF
which precludes further DNA synthesis. Moreover, it is shown
that metabolic imbalances lead to the up-regulation of AK in
senescent cells, leading to increased AMP levels. In additional
experiments, AMP is identified as an anti-proliferative signal for
HDF.

Genetic experiments in lower eukaryotes, such as yeasts
and worms, have suggested that regulation of the carbohydrate
metabolism is tightly linked with developmental signals that
determine cell proliferation and survival, key factors governing
the aging process at the cellular level [43]. If this holds true
for mammalian cells, a thorough analysis of glycolysis, as the
most central pathway in cellular carbohydrate metabolism, should
reveal first clues concerning the flux of major carbohydrate
nutrients (e.g. glucose) in senescent cells. Whereas control of the
metabolic flux into anabolic and catabolic pathways branching
off from glycolysis is crucial for a proliferating cell, the data
presented here suggest the occurrence of significant metabolic
imbalances in senescent human fibroblasts. The activities of
several glycolytic enzymes are strongly up-regulated; however,
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no such increase is observed for GAPDH. Moreover, the function
of the malate—aspartate shuttle is reduced in senescent cells,
preventing the transport of hydrogen into the mitochondria, where
it could be used for ATP production. Instead, senescent cells
activate LDH and take up pyruvate to get rid of hydrogen.
Thus ATP-consuming steps of glycolysis are enhanced, whereas
the ATP-producing steps are inhibited, and this leads to a severe
reduction of the intracellular concentration of both ATP and GTP.
ATP depletion is known to elicit cellular adaptation responses,
in particular, an up-regulation of glycolytic enzymes [44,45] and
AK [31]. Indeed, we observed a strong up-regulation of several
glycolytic enzymes and AK activity in senescent fibroblasts.
Of the five AK isoenzymes, AK2 and AK3 were detectably
up-regulated in senescent cells. Whereas AK3 primarily acts
as a GMP-ATP exchanger and is located in the mitochondrial
membrane, it was also described that AK3 actively contributes
to the maintenance of cytoplasmic AMP pools [46]. AK2, on
the other hand, which is located in the cytosol, is considered
a major regulator of AMP homoeostasis. While AK activation
apparently is not sufficient to compensate for ATP loss, it leads to
an increase in levels of intracellular AMP, which imposes a strong
anti-proliferative signal on the cells.

The present findings suggest a metabolic ‘vicious cycle’, where
depletion of ATP leads to an adaptive response that increases the
metabolic imbalance to a point where nucleotide biosynthesis
is impossible. In that model, metabolic events override changes
in gene expression in human fibroblasts, as was shown before in
model experiments in lower eukaryotes [47]. While it remains
to be shown how metabolic failure is translated into cell cycle
arrest, the data shown in Figure 4 suggest that intracellular AMP
plays a critical role. The increase in intracellular AMP levels can
be caused either by dephosphorylation of ATP or by uptake of
extracellular AMP. The extracellular AMP is dephosphorylated
to adenosine by 5-ecto-nucleotidases and imported into the cells.
Intracellular adenosine is phosphorylated to AMP by adenosine
kinase [33]. Whereas our current model would suggest that, by
analogy to previous findings [14,28], AMP inhibits PRPP to
block the synthesis of UTP (and subsequently CTP), it is also
possible that AMPK, the human homologue of yeast Snf 1p [19]
is activated in AMP-treated cells. Thus it was shown that AMPK
mediates the stimulation of glycolysis in response to hypoxia [48],
and data presented in Table 4 suggest that activation of AMPK
by addition of AICAR can induce cell-cycle arrest, similar to the
effects observed with AMP. When this work was in progress,
others have reported that AMPK is indeed activated in senescent
HDF, and addition of AICAR to HDF induces cell-cycle arrest
[49], similar to the findings reported here. However, data presented
in Table 4 indicate that GMP can also efficiently induce cell-cycle
arrest in human fibroblasts. Since GMP is known to inhibit PRPP
synthetase activity, but is unable to activate AMPK, this leaves
open the possibility that part of the anti-proliferative action of
AMP is indeed due to PRPP synthetase inhibition [33]. More work
will be required to elucidate fully the mechanism by which AMP
induces growth arrest and premature senescence in young HDF.

The activation of glycolytic enzymes upstream of GAPDH in
conjunction with low GAPDH activity would provide favourable
conditions for active nucleotide precursor synthesis through the
pentose phosphate cycle (Scheme 1). However, this pathway is
blocked in senescent cells, apparently due to the up-regulation of
AMP levels, and the actual end products of glucose metabolism in
senescent cells remain to be determined. Given the morphological
changes observed with replicative senescence ([9]; see also Fig-
ure 4), it appears possible that in senescent fibroblasts glucose is
used in other biosynthetic pathways which are less well controlled
than the nucleotide synthesis pathway.
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A key finding of the present report is the inability of senescent
fibroblasts to up-regulate GAPDH activity. It appears possible
that the GAPDH enzyme, which is known to be sensitive to
oxidative stress [50], is partly inactivated in senescent cells, e.g. by
reactive oxygen species, which are known to contribute to cellular
aging in yeast [51]; similarly, reactive oxygen species levels are
significantly increased in senescent fibroblasts (E. Hiitter and
P. Jansen-Diirr, unpublished work). Increased reactive oxygen
species production was also shown to activate poly(ADP-ribose)
polymerase-1, a major component of DNA-repair signalling that
is involved in cellular aging processes (for review, see [52]). It
was reported that poly(ADP-ribose) polymerase activation, via
depletion of cellular NAD stores, induces apoptosis [53]. How-
ever, the unaltered intracellular pool of NAD/NADH, as observed
here for senescent fibroblasts, suggests that this pathway is not
activated in senescent fibroblasts. Recent evidence suggests a key
role for GAPDH in several regulatory pathways, including cell
proliferation and survival [54], and the data presented here suggest
that the failure to up-regulate GAPDH activity in senescent cells
may contribute to the chain of events which lead to the AMP-
induced growth arrest of senescent fibroblasts.
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